The low birth weight (LBW) individual had greater risk of developing metabolic dysfunction in adulthood. The aim of this study was to test whether the LBW individual is more prone to glucose intolerance on a high nutrient dense (HND) diet, and to investigate the associated hypothalamic gene expressions using pigs as model. The intake of digestible energy intake, if calculated on a body weight basis, was greater in LBW pigs than that of normal birth weight (NBW) pigs. The LBW pigs fed the HND diet had greater digestible energy intake than those fed the NND diet at adulthood, which did not occur for NBW pigs. Notably, up-regulated hypothalamic toll-like receptor 4, interleukin 6 and phospho-NFκB p65 expressions, and the altered expressions of hypothalamic leptin receptor, suppressor of cytokine signaling 3, agouti-related protein and proopiomelanocortin predicted the overconsumption of energy intake and development of glucose intolerance in LBW pigs fed the HND diet. Collectively, pigs born with LBW had a distinct hypothalamic leptin signaling to a high nutrient dense diet, which contributed to greater energy intake and glucose intolerance.
Materials and Methods
Experimental design, diets and animals. All experimental procedures used in this study were in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals, and were approved by the Animal Care and Use Committee of Chinese Academy of Agricultural Sciences, and followed the current laws of animal protection.
In order to obtain piglets with different birth weights, the birth weight of newborn piglets was recorded, and those with average litter birth weight were defined as NBW piglets, whereas those with birth weight two standard deviations lower than the average litter birth weight were defined as LBW piglets. The newborn piglets were allowed to suckle freely from their dams until weaning at an average age of 28 ± 2 days. Consequently, a total of 64 cross-bred castrated male Duroc × (Landrace × Yorkshire) piglets were obtained from thirty-two litters (one NBW piglet and one LBW piglet were selected per litter) in the present study. Then the pigs were fed a normal nutrient dense (NND) diet or a high nutrient dense (HND) diet by supplementing 10% soybean oil and 5% additional casein at the expense of corn starch (Table 1 ). Dietary nutrient composition was formulated to meet or exceed the nutrient requirement of pigs, and five-phase diets ( Table 1) were formulated as recommended by the NRC 23 . The feeding experiment was started at d 28 postnatal, and lasted for 150 days. From the beginning of the experiment d 1 to d 90 of the experiment, two pigs were reared per pen, and then pigs were caged individually from d 91 to 150 of the experiment. During the entire experimental period, feed and water was fed ad libitum. The pigs were provided artificial light from 7:00 am to 19:00 pm, and the temperature of facility was controlled at 18~22 °C except for the higher temperature at 22~28 °C from d 1 to 30 of the experiment.
Records of growth performance. From the beginning of the experiment to d 90 of the experiment two pigs were reared in one pen, and the data of nutrient intake, bodyweight gain and feed efficiency were calculated using pen as the experimental unit. Thereafter, pigs were reared individually and data were recorded using each pig as the experimental unit. The body weight of each pig was recorded at d 30, 60, 90, 120 and 150 of the experiment, and the average daily feed intake, body weight gain and feed efficiency were calculated every 30 days.
Glucose tolerance test. Intravenous glucose tolerance test (IGTT) for all pigs was conducted on d 30, 83 and 143 of experiment. After overnight fasting, basal blood samples were collected at 10 min before administration. A bolus of dextrose (500 g•L-1) was infused into ear venipuncture at a dose of 0.5 g•kg-1 body weight. A serial of blood samples was collected at 5, 10, 20, 30, 45, 60, 90 and 120 min post glucose infusion. Concentrations of blood glucose were measured immediately using a portable glucometer, Esprit (Bayer, Newbury, Berkshire, UK). The area under curve (AUC) of glucose concentration were calculated using Prism 6 (GraphPad Software Incorporated, La Jolla, CA, USA).
SCIENtIfIC RePoRts | (2018) 8:5514 | DOI:10.1038/s41598-018-23926-x cytokine signaling 3 (SOCS3), forward primer CAC TCT CCA GCA TCT CTG TC and reverse primer TCG TAC TGG TCC AGG AAC TC, LEPR, forward primer CTC TTG CCT GCT GGA GGA ACT TC and reverse primer TTC CAG TTT GCA CCT GTT TG, POMC, forward primer GTG GGA GAT GCC GAG ATT GT and reverse primer CTC CTC CTC CTC GCG CTT CT, AGRP, forward primer GCC CCA CTG AAG AAG ACA AC and reverse primer GTA CCC AGC TTG CGG CAG TA, NPY, forward primer ACC CTC GCC CTG TCC CTG CT and reverse primer ATG TGG TGA TGG GAA ATG AG, 18 S RNA forward primer TCC GAC TTT CGT TCT TGA TTA ATG and reverse primer TGG ACC GGC GCA AGA C. The house-keeping gene used was 18S RNA and the relative gene expression levels were expressed as fold changes relative to average mRNA levels of genes in NBW pigs fed the NND diet 27 .
Protein expression.
Western blotting was used to detect targeted protein expression in the hypothalamic tissues. Briefly, total protein was extracted from frozen samples with lysis buffer (Beyotime Biotechnology, Jiangsu, China) supplemented with a protease inhibitor cocktail (Roche, USA). The homogenates were then centrifuged at 12 000 g for 30 min at 4 °C and the supernatant was isolated. The protein content was measured with a BCA protein assay kit (Beyotime Biotechnology, Jiangsu, China) on a plate reader. Protein lysates were separated on 10% SDS-PAGE gel after boiling at 95° C for 5 min and was then transferred to an apolyvinylidene fluoride (PVDF) membrane. The membrane was washed in Tris-buffered saline containing tween (TBST) and blocked in 1% bovine serum albumin (Beyotime Biotechnology, Jiangsu, China) in TBST at room temperature for one hour with gentle shaking. After that, the membranes were incubated overnight at 4 °C with the respective antibodies: α-tubulin (cat#4285, Cell Signaling Technology), SOCS3 (cat#ab78341, Abcam), Phospho-NFκB p65 (Ser536) (#3033, Cell Signaling Technology) and NFκB p65 (#6956, Cell Signaling Technology). The membranes were washed with TBST and incubated with the corresponding secondary antibody for 60 min at room temperature. The intensity of the bands on the blots was quantified by Image Lab statistical software (Bio-Rad Laboratories, CA, USA). The relative expression of targeted protein was normalized using α-tubulin as the internal protein and was presented as the fold change relative to the group of the NBW pigs fed the NND diet. Denotes P < 0.05, *denotes P < 0.05, **denotes P < 0.01, NS, P > 0.05. bodyweight of the two pigs in each pen was quite similar between each other at d 30, 60, and 90 of the experiment, so we assumed that the pigs were under the same treatment. From d 91 to the end of experiment, the pigs were caged individually and the data were analyzed using the individual pig as the experimental unit. Data were analyzed using the MIXED procedure of SAS software (SAS Institute, Cary, NC, USA). The main effect of birth weight (NBW or LBW) and nutrient density (NND or HND) were tested using two-way ANOVA as fixed effects in the statistical model, and the interactions of birth weight × nutritional level were also considered as fixed effects. The pen (before d 90) or pig (after) was included as a random effect, respectively. All data are presented as means. The Tukey's test was used to compare the differences between treatment groups. Differences with probabilities of P < 0.05 were considered as statistically significant. Fig. 1A , the intake of digestible energy was significantly greater in NBW pigs compared with LBW pigs during different experimental periods (P < 0.01). The HND diet did not affect the intake of digestible energy from d 1 to 30, 31 to 60, 61 to 90 and 91 to 120 of the experiment, except that there was greater digestible energy intake in pigs fed the HND diet compared with pigs fed the NND diet from d 121 to 150 of experiment (P < 0.05). The intake of digestible energy from d 121 to 150 of the experiment was greater in LBW pigs fed the HND diet as compared with pigs fed the NND diet (P < 0.05), but not for NBW pigs. The relative digestible energy intake, calculated on a bodyweight basis, was presented in Fig. 1B . Low birth weight pigs had greater relative digestible energy intake during different experiment periods (P < 0.05 or P < 0.06), and the intake of digestible energy was greater in the HND diet compared with the NND diet from d 121 to 150 of the experiment (P < 0.05).
Results

Dynamic energy consumption. As shown in
Growth traits and feed efficiency. The growth traits and feed efficiency of pigs fed different diets are shown in Table 2 . The body weight of LBW pigs were lower compared with NBW pigs during the entire experimental period (P < 0.01). The main effect of diet or interaction between diet and birth weight did not affect the body weight (P > 0.05). The average daily gain was lower in LBW pigs than that of NBW pigs during the period from d 1 to 30, 31 to 60, 61 to 90 and 91 to 120 of the experiment (P < 0.05 or P < 0.01, Table 2 ), but were similar among different groups from d 121 to 150 of the experiment (P > 0.05). The feed/gain ratio was greater in LBW pigs than that in NBW pigs from d 1 to 30 of the experiment (P < 0.01), but not during the other periods of the experiment. The feed/gain ratio was lower in pigs fed the HND diet compared with that of pigs fed the NND diet during the period from d 31 to 60 (P < 0.05) and 61 to 90 (P < 0.01) of the experiment, but were not affected by diet in the other experimental periods. Circulating metabolites and hormone secretions. As shown in Table 3 , the circulating concentrations of triglycerides were greater in pigs fed the HND diet than that of pigs fed the NND diet at d 30, 60 and 90 of the experiment (P < 0.05). Birth weight affected the circulating triglyceride concentrations at d 60 and 150 of the experiment (P < 0.05). The total cholesterol concentrations were elevated at d 120 of the experiment by the HND diet compared with the NND diet (P < 0.05). Birth weight affected the total cholesterol concentrations at d 30 and 90 of the experiment (P < 0.05). The circulating triglyceride and total cholesterol concentrations were not affected by the interaction between diet and birth weight at different experimental diets (P > 0.05). Leptin concentrations were not affected by diet, birth weight or the interaction between diet and birth weight at the beginning, d 30, 60, 90 and 120 of the experiment (P > 0.05; Table 3 ). However, leptin concentration was significantly affected by the interaction between diet and birth weight at d 150 of the experiment (P < 0.05; Table 3 ), and LBW pigs fed the HND diet had significantly greater leptin concentrations than the other treatment groups (P < 0.05; Table 3 ). Fig. 2 , the IGTT revealed that the glucose tolerance was not affected at d 30 of the experiment ( Fig. 2A and B) . At day 83 of the experiment, the glucose concentration at 20 min after IGTT was affected by the interaction between birth weight and diet (P = 0.050, Fig. 2C ), which was greater in the LBW pig fed the HND diet than that fed the NND diet (P < 0.05, Fig. 2C ). Glucose AUC at day 83 of the experiment was not affected among different groups (P > 0.05, Fig. 2D ). At d 143 of the experiment, the glucose concentration was affected at 10 min by birthweight (P = 0.005, Fig. 2E ), at 20 min by diet (P = 0.025, Fig. 2E ) and the interaction between birth weight and diet (P = 0.048, Fig. 2E ), and at 30 min by the interaction between birth weight and diet (P = 0.032, Fig. 2E ) after the IGTT. Glucose AUC at day 143 of the experiment was affected by birthweight (P < 0.01, Fig. 2F ) and the interaction between birth weight and diet (P < 0.05, Fig. 2F) . Notably, the glucose AUC of LBW pigs fed the HND diet was greater than that in the other groups (P < 0.05, Fig. 2F ). Fig. 3A ) and the interaction between birth weight and diet (P < 0.05, Fig. 3A) . The mRNA expressions of LEPR in the hypothalamus in LBW pigs fed the HND diet were significantly higher than that of pigs fed the NND diet (P < 0.05, Fig. 3A ). The mRNA expressions in the hypothalamus of SOCS3 were affected by an interaction between birth weight and diet (P < 0.05, Fig. 3B ). While the HND diet did not affect SOCS3 mRNA expression in NBW pigs (P > 0.05, Fig. 3B ), the SOCS3 mRNA expressions were up-regulated in LBW pigs by the HND diet compared with the other groups (P < 0.05, Fig. 3B ). At d 150 of the experiment, LEPR mRNA expressions in the hypothalamic tissue were not affected by diet, birth weight or interaction between birth weight and diet (Fig. 3C) . The expressions of SOCS3 in the hypothalamus were affected by birth weight (P < 0.05, Fig. 3D ). The HND diet did not affect SOCS3 mRNA expression in NBW pigs (P > 0.05, Fig. 3D ), but the SOCS3 mRNA expression was down-regulated in LBW pigs by the HND diet compared with pigs fed the NND diets (P < 0.05, Fig. 3D) .
Glucose tolerance test. As shown in
The mRNA expression level of anorexigenic POMC and orexigenic NPY and AGRP in hypothalamus were shown in Fig. 4 . The mRNA expressions of POMC were decreased by low birthweight at d 90 and 150 of the experiment (P < 0.05, Fig. 4A and B) . The mRNA expressions of POMC in hypothalamus were affected by birth weight (P < 0.01) or interaction between birth weight and diet (P < 0.05) at d 90 and 150 of the experiment (Fig. 4C and D) . The POMC mRNA expression at d 90 of the experiment (P < 0.05, Fig. 4C ), but not at d 150 of the experiment(P < 0.05, Fig. 4D ), were affected by diets. Notably, the mRNA expression of AGRP was greater in LBW pigs fed the HND diet than the other groups (P < 0.05, Fig. 4C and D) . The mRNA expressions of NPY in hypothalamus were not affected by diets, birth weight or interaction between birth weight and diet (P > 0.05, Fig. 4E and F) .
The mRNA expression of TLR4 in the hypothalamus, but not in liver, adipose tissue or skeletal muscle, were affected by birth weight (P < 0.01, Fig. 5A ) and diet (P < 0.05, Fig. 5A ) at d 90 of the experiment. At d 150 of experiment, the mRNA expression of TLR4 in the hypothalamus and skeletal muscle tissues were affected by birth weight and diet (P < 0.05 or P < 0.01, Fig. 5A ). The mRNA expression of IL6 in the hypothalamus, but not in the tissues collected from liver, adipose tissue or skeletal muscle, were affected by birth weight (P < 0.01, Fig. 5B ) at d 90 of the experiment. At d 150 of the experiment, the mRNA expression of TLR4 in the hypothalamus, liver and skeletal muscle tissues were affected by birth weight and diet (P < 0.05 or P < 0.01, Fig. 5B ). The LBW pigs fed the HND diet had greater TLR4 and IL6 gene expression levels in the hypothalamus, liver and skeletal muscle than the other groups (P < 0.05).
Protein expression.
The protein expressions of SOCS3 were presented in Fig. 6 and Supplementary Fig. S1 . The SOCS3 protein expression in the hypothalamus were significantly affected by diet (P < 0.05; Fig. 6A ) and birth weight (P < 0.01; Fig. 6A ) at d 90 of the experiment. The HND diet did not affect SOCS3 protein expression in NBW pigs (P > 0.05; Fig. 6A ), but the SOCS3 protein expression was up-regulated in LBW pigs by the HND diet compared with pigs fed the NND diets (P < 0.05; Fig. 6A ). At d 150 of the experiment, SOCS3 protein expression in the hypothalamus were significantly affected by an interaction between diet and birth weight (P < 0.01; Fig. 6B ), and the SOCS3 protein expression were greater in LBW pigs fed the NND diet compared with the other groups (P < 0.05; Fig. 6B ). The protein expressions of NFκB and its phosphorylation were presented in Fig. 7 and Supplementary Fig. S2 . The ratio of p-NFκB p65 to NFκB p65 were affected by diet (P < 0.01), birth weight (P < 0.05) and an interaction between diet and birth weight (P < 0.05) at d 90 of the experiment (Fig. 7A ), which were greater in LBW pigs fed the HND diet than the other groups (P < 0.05, Fig. 7A ). The ratio of p-NFκB p65 to NFκB p65 expressions were affected by birthweight (P < 0.01; Fig. 7B ) and diet (P < 0.05; Fig. 7B ) at d 150 of the experiment.
Discussion
In the present study, the LBW pigs did not achieve similar body weight as NBW pigs, which did not agree with previous researchers who reported that pigs born with LBW were able to reach similar body weights at adulthood 14, 28, 29 . The reason might be due to the difference of dietary energy intake between studies. Madsen and colleague 29 found that the absolute energy intake between LBW and NBW pigs were similar during different period of experiment, resulting in greater daily weight gain. However, in the present study, the energy intake was lower for LBW pigs than NBW pigs before d 60 of the experiment. Body weight gain was not affected by the HND diet in pigs born with NBW, however, from d 121 to 150 of the experiment, body weight was greater in LBW pigs fed the HND diet compared with those fed the NND diet, suggesting that pigs born with varied body weight had differential responses to dietary nutrient density.
The LBW pigs had a lower feed intake and energy consumption than their NBW counterparts, however, when the feed and energy intake were calculated on a body weight basis, the relative feed intake and energy consumption were greater in LBW pigs than that in NBW pigs, and the HND diet amplified this difference among different treatment groups. Therefore, this greater amount of nutrient intake allows a possible higher accretion of body tissue and forms a basis for catch-up growth of the LBW pigs. This might be the reason why LBW pigs fed the HND diet have the lowest feed-to-gain ratio among the four dietary groups. The energy intake of NBW pigs was similar between the HND group and the NND group. However, the energy intake and the relative energy intake were greater in LBW pigs fed the HND diet compared with the NND diet, suggesting that LBW pigs have a distinct pattern of mechanisms controlling energy-intake behavior.
The greater energy intake of LBW individual might be due to alternation of expression of appetite regulatory peptides 30 . The neurons expressing NPY and AGRP provide an orexigenic drive while neurons expressing POMC are anorexigenic. In the present study, AGRP was up-regulated and POMC was down-regulated in LBW pigs than the NBW pigs, suggesting that the LBW individual might be born with a distinct pattern of a feeding control mechanism 30 . Early research revealed that IUGR individual exhibit different hypothalamic distribution of leptin receptors that may be linked to postnatal altered feeding behavior and energy metabolism 14, 31 . The hypothalamic expression of LEPR in the hypothalamus was detected in pigs fed the NND or the HND diets, and results revealed that LEPR expression in the hypothalamus were significantly higher in LBW pigs compared with NBW pigs. Furthermore, the HND diet elevated the expression of LEPR in the hypothalamus to a greater extent than the NND diet fed to LBW pigs at d 90 of the experiment. The greater LEPR expression in the hypothalamus of LBW pigs was not consistent with previous research which found that LBW pigs had a lower number of LEPR-expressing neurons in the hypothalamic arcuate nucleus 13 . The reason for this inconsistency could be attributed to differences in the age of animals used between studies.
The alternation of hypothalamic LEPR expression implies that the leptin signaling was changed in LBW pigs fed diets of different nutrient density. When leptin binds to its receptor, one of the crucial pathways activated is the janus kinase signaling transduction/transcription activator (JAK2-STAT3) cascade 32 . As a direct transcriptional product of STAT3, SOCS3 is commonly thought to play a pathophysiological role in obesity-associated leptin resistance 33 . Concurrent with the greater mRNA expression of LEPR, the SOCS3 mRNA and its protein expression were significantly higher in LBW pigs fed the HND diet at d 90 of the experiment, suggesting that leptin signaling was effectively elevated in LBW pigs fed the HND diet. However, the expression patterns of LEPR Denotes P < 0.05. NBW + NND, normal birth weight pigs fed the normal nutrient dense diet; NBW + HND, normal birth weight pigs fed the high nutrient dense diet; LBW + NND, low birth weight pigs fed the normal nutrient dense diet; LBW + HND, low birth weight pigs fed the high nutrient dense diet. and SOCS3 at d 150 of experiment were different from that at d 90 of experiment. The LEPR expression was similar among different groups, but the SOCS3 mRNA and its protein expression in LBW pigs fed a HND diet was significantly lower than the other groups at d 150 of the experiment. This might be attributed to the fact that SOCS3 can inhibit leptin signaling 33 , which could explain why intake of energy was similar before the d 90 of experiment, but was greater for LBW pigs fed the HND diet compared with the NND diet at d 150 of the experiment.
Leptin, an adipocyte-derived hormone that can enter the brain to regulate food intake and energy expenditure, was greater in the circulation of LBW pigs fed the HND diet than the other groups. Together with the greater energy intake, the LBW pigs fed the HND diet showed symptoms of leptin resistance. The decreased SOCS3 gene and protein expression might play a role in this process based on the previous research which showed that knockdown of SOCS3 in the hypothalamus could induce leptin resistance and alter energy balance 34, 35 .
The chronic inflammatory response has been recognized as a common cause that can induce dysregulated energy balance and metabolic diseases 36 , thus, the pro-inflammatory TLR4 and IL6 gene expression were investigated in the hypothalamus, liver, adipose, and skeletal muscle. Interestingly, the hypothalamic TLR4 and IL6 mRNA expression changed faster in pigs by birth weight and diets, and LBW pigs fed the HND diet had a significantly greater TLR4 and IL6 mRNA expressions than the other groups at d 90 or d 150 of the experiment, strongly implicating that the hypothalamic inflammatory response was involved in the changes of feeding behavior of LBW pigs fed the HND diet. Additionally, the protein expressions of NFκB p65 and its phosphorylation, which play a pivotal role in inflammatory and immune responses, was elevated in LBW pigs fed the HND diets, further confirming that the LBW pigs had a greater inflammatory response to a HND diet.
Recently, hypothalamic inflammation has been proposed as a novel underlying mechanism regulating arcuate neuronal activity and feeding behavior 36, 37 , and SOCS3 was observed to play an important role in the regulation of infection and inflammation 38 . In line with the early hypothalamic inflammation response, the IGTT test also revealed that LBW pigs fed the HND diet showed greater glucose intolerance than the other groups as early as d 83 of the experiment, which was in agreement with previous research who showed that the inflammation of hypothalamus can be activated under obesogenic condition to promote energy, body weight and glucose imbalance 39, 40 . These evidence, together with the results of this study, imply that LEPR and SOCS3 signaling coordinate with the hypothalamic inflammatory response to alter the feeding behavior and the postnatal glucose disposal of LBW pigs fed diets of different nutrient density. 
Conclusion
Collectively, these results demonstrate that, compared to normal birth weight pigs, low birth weight pigs had a different hypothalamic leptin and inflammatory response to a high nutrient dense diet, which contributed to greater energy intake and glucose intolerance. 
